Ketamine is a unique anesthetic reagent known to produce various psychotic symptoms. Ketamine has recently been reported to elicit a long-lasting antidepressant effect in patients with major depression. Although recent studies provide insight into the molecular mechanisms of the effects of ketamine, the antidepressant mechanism has not been fully elucidated. To understand the involvement of the brain serotonergic system in the actions of ketamine, we performed a positron emission tomography (PET) study on non-human primates. Four rhesus monkeys underwent PET studies with two serotonin (5-HT)-related PET radioligands, [ 11 C]AZ10419369 and [ 11 C]DASB, which are highly selective for the 5-HT1B receptor and serotonin transporter (SERT), respectively. Voxel-based analysis using standardized brain images revealed that ketamine administration significantly increased 5-HT1B receptor binding in the nucleus accumbens and ventral pallidum, whereas it significantly reduced SERT binding in these brain regions. Fenfluramine, a 5-HT releaser, significantly decreased 5-HT1B receptor binding, but no additional effect was observed when it was administered with ketamine. Furthermore, pretreatment with 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo(f)quinoxaline (NBQX), a potent antagonist of the glutamate α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptor, blocked the action of ketamine on the 5-HT1B receptor but not SERT binding. This indicates the involvement of AMPA receptor activation in ketamine-induced alterations of 5-HT1B receptor binding. Because NBQX is known to block the antidepressant effect of ketamine in rodents, alterations in the serotonergic neurotransmission, particularly upregulation of postsynaptic 5-HT1B receptors in the nucleus accumbens and ventral pallidum may be critically involved in the antidepressant action of ketamine.
INTRODUCTION
Ketamine (2-chlorphenyl-2-methylamino-cyclohexanone), a noncompetitive antagonist of the N-methyl-D-aspartic acid (NMDA) glutamate receptor, is known to induce anesthesia, analgesia, hallucinations and a dissociative state. [1] [2] [3] [4] In addition, ketamine has recently been demonstrated to have an antidepressant action in patients suffering from treatment-resistant major depressive disorder; onset occurs within 2 h and the duration of the effect is several days following a single administration. 5, 6 Because existing antidepressants-such as selective serotonin reuptake inhibitors (SSRIs), monoamine oxidase inhibitors and tricyclic antidepressants-take several weeks to reach their full therapeutic effect, ketamine is a possible attractive novel treatment for depression.
Ketamine has also been reported to induce an antidepressant response in rodents: a decrease in immobility time during the forced swim test. 7, 8 Pretreatment with 2,3-dihydroxy-6-nitro-7-sulfoamoylbenzo(f)quinoxaline (NBQX), a potent blocker of the glutamate α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptor, has been reported to attenuate this ketamineinduced behavior in rodents. [7] [8] [9] Although the mechanism underlying the blocking effect of NBQX remains poorly understood, AMPA receptor activation has been speculated to have a pivotal role in the antidepressant action of ketamine. 10 Several lines of evidence suggest that alterations in the serotonergic component of the central nervous system underlie the pathophysiology of depression. 11 Indeed, SSRIs, which increase extracellular serotonin (5-HT) concentrations and extend the duration and magnitude of 5-HT-mediated signals, are widely used as conventional antidepressants, although the onset of therapeutic benefits usually requires several weeks. 12 The gap in timing between the immediate increase in the synaptic 5-HT level mediated by SSRIs and the slow symptomatic recovery has not been completely explained yet, but desensitization of presynaptic 5-HT1A and 5-HT1B receptor sub-types has been proposed. In particular, 5-HT1B receptors function as both presynaptic autoreceptors and postsynaptic heteroreceptors. 13, 14 5-HT1B autoreceptors are located presynaptically on serotonergic neurons and are thought to be involved in a feedback mechanism that inhibits 5-HT neuronal firing and release. In contrast, 5-HT1B heteroreceptors are located on and may exhibit inhibitory activity on glutamatergic, GABAergic, dopaminergic, noradrenergic and cholinergic neurons. In cell culture studies, ketamine inhibits monoamine transporters including the 5-HT transporter (SERT) in a dose-dependent manner. 15, 16 Ketamine also increases extracellular levels of 5-HT and 5-HT tissue contents in the brain of rodents. 17, 18 However, the effects of ketamine on the serotonergic system involving presynaptic autoreceptors and SERT in primates have not yet been elucidated.
The decreased brain levels of adaptor protein p11, which regulates the cell-surface expression of 5-HT1B receptors, has been reported in both the mouse model of depression and in patients with unipolar major depression. 19 Antidepressant drugs and electroconvulsive therapy were reported to increase p11 mRNA levels in the rodent brain; in keeping with this, mice overexpressing p11 demonstrate antidepressant responses, whereas p11-null mice display a depressive phenotype. 19 Recently, a neuroimaging study using positron emission tomography (PET) showed that 5-HT1B receptor binding in the ventral striatum including the nucleus accumbens and ventral pallidum is reduced in patients with major depressive disorder compared with healthy controls. 20 To elucidate the involvement of the serotonergic system in the antidepressant action of ketamine in the living brain, we performed a PET imaging study using nonhuman primates and two PET radioligands [
11 C]AZ10419369 and 11 C-labeled N,Ndimethyl-2-(2-amino-4-cyanophenylthio)benzylamine ([ 11 C]DASB), which are highly selective for the 5-HT1B receptor and SERT, respectively. In the case of [
11 C]AZ10419369, we also investigated the effect of ketamine in combination with fenfluramine, a 5-HT releaser, because [ 11 C]AZ10419369 binding to 5-HT1B receptors is reported to be affected by 5-HT release. 21, 22 Moreover, to clarify the involvement of the AMPA receptor, we tested whether pretreatment with NBQX blocked the action of ketamine on the binding of [
11 C]AZ10419369 and [ 11 C]DASB to the 5-HT1B receptor and SERT, respectively.
MATERIALS AND METHODS Subjects
Four male rhesus monkeys (Macaca mulatta; aged 5-11 years; weight, 5-10 kg) were used. Before the PET study, all animals underwent magnetic resonance imaging (MRI) (3T, Allegra, Siemens, Erlangen, Germany) to provide information on brain anatomy. After MRI, a small head holder (20 × 28 × 19 mm Experimental protocol for administration of ketamine and related drugs A bolus injection of ketamine (30 mg per body weight, i.v.) was administered with atropine pretreatment (0.05 mg kg − 1 , i.m.) 100 min before the start of the PET scan. Immediately after the treatment, a continuous infusion of ketamine (7.5 mg kg
) was initiated and maintained until the end of the PET scan. In our preliminary experiments, we examined the dose relationship of ketamine on the serotonergic system from 0.75 mg kg , i.v.; Sigma-Aldrich, St. Louis, MO, USA) was administered 15 min before the start of PET scan. NBQX (1 mg kg − 1 , i.v.; Wako Pure Chemicals, Osaka, Japan) was administered 10 min before the start of the ketamine infusion. Endotracheal intubation was performed only when animals were exposed to NBQX.
Animals were subjected to [ 11 C]AZ10419369 PET under the following conditions: administration of (1) the vehicle alone in the conscious state (Cont); (2) fenfluramine in the conscious state (Fen); (3) a combination of ketamine and vehicle (Ket); and (4) a combination of ketamine and fenfluramine (Ket+Fen). The same animals were also used to study the effects of administering a combination of ketamine and NBQX (Ket+NBQX) condition. Because 5-HT1B receptor expression in the visual cortex is sensitive to visual stimuli, 23 Before the PET scan, the saphenous vein in one of the legs was cannulated for infusion of drugs or the PET radioligand. Vital signs such as electrocardiography and oxygen saturation were continuously monitored with biomonitoring equipment (BSM-5192; NIHON KOHDEN, Tokyo, Japan). We used a small animal PET scanner, the microPET Focus220 (Siemens Medical Solutions, Knoxville, TN, USA) that has a spatial resolution of 1.35 mm in full width at half maximum at the center of the field of view. As previously described, 26 while in the PET scanner, animals were fixed in a sitting position to a primate chair custom-made for rhesus monkeys. The chair was tilted at 30°(ketamine-treated condition) or 45°(ketamineuntreated condition) allowing the animals to remain more comfortable than in a supine or prone posture. A 30-min transmission scan with a 68 Ga-68 Ge line source was performed for attenuation correction of emission scans, and the emission PET scan was performed for 90 min for each PET radioligand. Images were acquired in the three-dimensional list mode and reconstructed with an algorithm of filtered back projection with data smoothed using the Hanning filter with a cutoff of 0.4. To obtain quantitative images, the emission images were corrected for attenuation using blank and transmission images, but they were not corrected for scatter since the correction algorithm was considered inappropriate in terms of brain tissue homogeneity. A dynamic histogram acquired during 90 min of scanning (6 × 10 s, 6 × 30 s, 11 × 60 s, 15 × 180 s and 3 × 600 s) was used for data analysis.
Image data analysis
Reconstructed PET images were processed and analyzed using PMOD image analysis software version 3.0 (PMOD Technologies, Zurich, Switzerland). To generate the parametric images, we calculated the binding potential (BP ND ) by quantifying the ratio at the equilibrium of specifically bound radioligand to that of non-displaceable radioligand. Logan linear graphical analysis with a reference tissue model (Logan reference) was performed with exclusion of data recorded during approximately the first 15 min of [ 11 C]AZ10419369. 27 The k 2 ′ value (the clearance rate constant from the reference region) was estimated by parametric analysis with a simplified reference tissue model using the cerebellum as a reference region and the occipital cortex as the 5-HT1B receptor-rich region. [ 11 C] DASB BP ND values were obtained using the multilinear reference tissue model 2 (MRTM2). 28 The k 2 ′ value was estimated by parametric analysis with MRTM using the cerebellum as a reference region and the dorsal raphe nucleus and tectum as the SERT-rich region. Analyses of the PET data were performed in two stages: generation of parametric images and statistical comparisons. For parametric image generation, a summated PET image from 0 to 90 min (sumPETI) was first created. BP ND images were then transformed into a standard MRI template space, which was originally created by our institute using brain MRI data from 20 rhesus monkeys, including those used in this study, using the product of two transformation matrices: (sumPETI to individual MRI) × (individual MRI to standard MRI template). Thus, normalized parametric BP ND images were generated using PMOD software, and they were spatially smoothed using a 3.5-mm Gaussian kernel of full width at half maximum. For statistical parametric mapping (SPM) analysis, we analyzed the [ 11 C]AZ10419369 BP ND differed between the ketamine-treated and -untreated conditions (a ketamine × fenfluramine interaction effect). Given the exploratory nature of this analysis, the threshold was set at Po0.001, uncorrected for multiple comparisons (T = 4.30) and 500 or more contiguous voxels. To calculate region of interest (ROI)-based parameter values, six anatomical ROIs-the nucleus accumbens (Acb), ventral part of the globus pallidus (ventral GP), the midline nucleus reuniens of the thalamus (Tha-Re), occipital cortex (Occ), lateral geniculate nucleus (LGN) and cerebellum-were manually drawn on the template MRI images, with reference to a stereotaxic rhesus brain MRI atlas. Our initial analysis including the Acb, ventral GP and Tha-Re showed significant differences in 5-HT1B receptor binding between ketaminetreated and -untreated conditions. We therefore included additional brain regions related to the visual system, the Occ and LGN, into the ROI set. Regional BP ND values were obtained by applying this ROI set to the individual parametric [ 
RESULTS

Effect of ketamine on [
11 C]AZ10419369 binding to the 5-HT1B receptor The time-activity curves of the brain levels of [ 11 C]AZ10419369 in each condition showed high uptake in the Occ and GP and low uptake in the cerebellum (Supplementary Figure S1) . In the ketamine-treated conditions (both Ket and Ket+Fen), an early peak in the curves for these brain regions was followed by a rapid washout. The maximum uptake in the fenfluramine-treated condition (both Fen and Ket+Fen) tended to be lower than that in the vehicle-treated conditions (both Cont and Ket). Although the time-activity curve patterns were similar for the Ket+NBQX and Cont conditions, the maximum uptake in the Occ in the Ket +NBQX condition tended to be lower than that in the Cont condition ( Supplementary Figures S1A and S1E) .
Parametric images of [ 11 C]AZ10419369 BP ND were successfully generated in all animals for each condition. The BP ND images were normalized to the standard MRI template, and averaged images are shown for each condition ( Figure 1 ). As shown in Figure 2 , voxel-based statistical parametric analysis revealed two clusters of significantly increased BP ND for the ketamine-treated conditions compared with the ketamine-untreated conditions (both Cont and Fen) (T = 4.30, uncorrected P o0.001). The clusters were located in the Acb/ventral GP ( Figure 2) and Tha-Re. No decreases in BP ND in any region in the ketamine-treated conditions were observed compared with the ketamine-untreated conditions. SPM analysis also revealed two large clusters of decreased BP ND for the fenfluramine-treated conditions compared with the vehicle control conditions. These large clusters extended across a range of brain areas consisting of the Acb, ventral GP, Tha-Re, substantia Figure S2) . In addition, no increases in BP ND in any region in the fenfluramine-treated conditions were observed compared with vehicle conditions. Finally, the SPM analysis showed no significant ketamine × fenfluramine interaction in [ 11 C]AZ10419369 binding to the 5-HT1B receptor. Regional BP ND values obtained by applying the ROI set including the Acb, ventral GP, Tha-Re, Occ and LGN also revealed increased [ 11 C]AZ10419369 binding by ketamine in the first three of these regions (Table 1) . With the exception of the Tha-Re, no significant differences were observed between the right and left sides (P>0.05, paired t-test with Bonferroni correction). [ 11 C] AZ10419369 binding in the Acb, ventral GP and Tha-Re was significantly higher in the Ket condition than in the Cont condition (average value of two Cont conditions obtained in the fenfluramine and NBQX experiments) (P o 0.05) but did not differ between the Ket+NBQX and Cont conditions (Figure 3a) . In contrast, binding in the Occ and LGN did not differ significantly between the Ket and Cont conditions. Binding in the Occ under the Ket+NBQX condition was significantly decreased compared with the Cont condition, whereas that in the LGN did not differ between these conditions.
Effect of ketamine on [ 11 C]DASB binding to the SERT
The time-activity brain uptake curves of [ 11 C]DASB for each condition showed high uptake in the Acb, Occ, GP and thalamus (Supplementary Figure S3) . As was the case for PET with [ 11 C] AZ10419369, an early peak in the curves for these brain regions was followed by a rapid washout in the Ket conditions ( Supplementary Figures S3A and S3B) . Moreover, the Ket+NBQX condition showed a similar time-activity curve as the Ket condition ( Supplementary Figures S3B and S3C ). Ketamine significantly decreased 
DISCUSSION
We performed a PET study using [
11 C]AZ10419369 and [ 11 C]DASB to elucidate the involvement of the serotonergic system in the antidepressant actions of ketamine in the living brain. Using conscious rhesus monkeys, we obtained the following results, which strongly suggest a critical role for the 5-HT1B receptor in the Acb, ventral GP and Tha-Re: (i) ketamine administration significantly increased 5-HT1B receptor binding in three brain regions, the Acb, ventral GP and Tha-Re, where SERT binding was significantly decreased and (ii) pretreatment with NBQX blocked the ketamine-induced increases in 5-HT1B receptor binding in the Acb, ventral GP and Tha-Re but not in the LGN and Occ, whereas it did not affect ketamine-induced decreases in SERT binding.
Studies in both cell culture and rats have revealed that ketamine inhibits reuptake of 5-HT and increases tissue contents and extracellular levels of 5-HT in the brain. [15] [16] [17] [18] In the present study, we also observed a reduction in SERT binding with ketamine administration. [ 11 C]AZ10419369 has been shown to The statistical threshold was set at P o0.001 uncorrected (T-value >4.3). Acb, nucleus accumbens; Cau, caudate nucleus; GP, globus pallidus; Put, putamen. Ketamine rises 5-HT1B through the AMPA receptor H Yamanaka et al be sensitive to the release of brain 5-HT levels induced by fenfluramine administration in nonhuman primates. 22 Intravenous administration of 5 mg kg − 1 fenfluramine, which was previously demonstrated to produce a 20-fold increase in brain 5-HT levels in macaque monkeys, 29 decreased BP ND by 31% and 29% in conscious and ketamine-treated rhesus monkeys, respectively, indicating that fenfluramine did not induce any changes in 5-HT1B receptor binding in conscious vs ketamine-treated monkeys. These results indicate that no changes of functionality of SERT were induced by ketamine regarding the release and reuptake of 5-HT in vivo. Ketamine likely does not increase 5-HT release by reducing the functionality of SERT. However, it is also possible that the amount of 5-HT released that is induced by ketamine through a reduction in SERT is quite small and thus difficult to detect by PET with [ 11 C]AZ10419369 in vivo. Further studies such as microdialysis measurement of 5-HT directly from the Acb in monkeys are needed to determine the mechanism of ketamine on the release of 5-HT. Although the importance of the ketamineinduced decrease in SERT binding remains unclear, our data strongly indicate that ketamine administration may have little effect on 5-HT release in the nonhuman primate brain. Moreover, ketamine administration increased 5-HT1B receptor binding in specific brain regions but did not decrease binding in any region. Therefore, ketamine-induced increases in 5-HT1B receptor binding may be caused by upregulation of postsynaptic receptors but not by direct competition with released extracellular 5-HT.
Pretreatment with NBQX is known to block the antidepressant actions of ketamine in rodents. [7] [8] [9] Our results showed that administration of NBQX completely blocked ketamine-induced increases in 5-HT1B receptor binding but did not affect ketamineinduced decreases in SERT binding. A number of AMPA receptor potentiators have shown antidepressant actions in preclinical studies and are anticipated to have medicinal application in the treatment of depression. 30 More recently, AMPA itself has been shown to have antidepressant actions in the rat model of depression, inducing increases in synapsin I levels and activation of mammalian target of rapamycin in the hippocampus. 31 Most of fast excitatory synaptic transmission in the mammalian central nervous system is mediated by the AMPA receptor, whose function is critical for synaptic plasticity. 32 Ketamine increases the spine density, synaptic activity and levels of synaptic proteins including both synapsin I and GluR1, which is an AMPA receptor subtype. 10 Ketamine has also been reported to induce glutamate release in the prefrontal cortex of the conscious rat. 33, 34 Although a direct association of our finding of a sedative dose of ketamine and the antidepressive action reported by a low dose is difficult, selective inhibition by NBQX of upregulation of 5-HT1B strongly implicates its relevance to the antidepressive action mediated by AMPA receptors. Given these findings, we propose that the effect of ketamine on the 5-HT1B receptor, but not the SERT, through activation of the glutamate AMPA receptor, is most likely to contribute to its antidepressant action.
A general feature of G-protein-coupled receptors is the existence of complex intracellular regulatory mechanisms that modulate receptor responsiveness, and 5-HT1B receptor-trafficking regulation has been demonstrated in a cell line system using recombinant fusion proteins. 35 Ketamine may influence receptortrafficking regulation. A cell culture study showed that p11, a 5-HT1B receptor binding protein, increased the localization of the 5-HT1B receptor at the cell surface. 19 Recently, p11 knockout mice have been demonstrated to show depression-like behavior (increased immobility time in the tail suspension test), which was normalized by restoration of p11 expression within the Acb using gene therapy. 36 p11 increases the localization of the 5-HT1B receptor at the cell surface and its mRNA is increased by electroconvulsive therapy, which may be closely associated with synaptic potentiation. Synaptic potentiation, such as that observed following ketamine administration and mediated by AMPA receptors, is thought to be involved in antidepressive action. 37 Trafficking of 5-HT receptor proteins is controlled by association with several specific adaptor proteins including p11. 38 5-HT1B receptors are co-localized with AMPA receptors in postsynaptic dendrites in the hippocampus. 39 Therefore, the acute effect of ketamine on the increase in 5-HT1B-selective binding in the Acb may be caused by receptor translocation to cell surface that is mediated by AMPA receptors, which may function by increasing p11 or by increasing the association between p11 and 5-HT1B receptors. Further studies are needed to clarify the molecular mechanism.
The Acb is a component of the neural circuit that regulates motivation, reward responses and mood. 40, 41 Imaging studies show an absence of the usual increase in Acb activity in depressed patients in response to positive stimuli. 42 Furthermore, deep brain stimulation to the Acb improves the symptoms of depression. 43 Several neuroanatomical and neuroimaging studies have suggested that the cortico-striato-pallido-thalamic loop is implicated in mood disorders. 44 This loop includes the ventral GP and medial thalamus as well as the Acb. For example, patients with depression show increases in glucose metabolism and cerebral blood flow in the medial thalamus and decreases in 5-HT1B receptor binding in the ventral GP. 20 Recently, an electrophysiological study in nonhuman primates demonstrated that the ventral GP provides expected reward value signals that are used to facilitate or inhibit motor actions. 45 The present study found that ketamine administration significantly increased 5-HT1B receptor binding in the ventral GP and Tha-Re, suggesting that the modulation of serotonergic synaptic transmission in these regions of the cortico-striato-pallido-thalamic loop may be critical in the progression of depressive symptoms. Taken together, the present results strongly suggest that the 5-HT1B receptor in the Acb and the ventral GP in the cortico-striato-pallido-thalamic loop may be critically involved in the antidepressant action of ketamine.
Our results suggest that 5-HT1B receptor imaging will yield important information about depression. The binding potential of [ 11 C]P943, another 5-HT1B receptor-selective PET radioligand, was recently demonstrated to be significantly decreased in the ventral pallidum/ventral striatum in patients with major depression compared with healthy controls. 20 PET imaging studies of 5-HT1B receptor binding has also been reported in some psychiatric disorders, such as post-traumatic stress disorder (PTSD), alcohol dependence and pathological gambling. [46] [47] [48] In particular, 5-HT1B receptor binding is increased in the ventral GP and ventral striatum (including the Acb) of patients with alcohol dependence and is decreased in the amygdala, anterior cingulate cortex and caudate nucleus in PTSD. The bidirectional changes in 5-HT1B receptor binding observed in the same brain regions, including the Acb and ventral GP, imply that the availability of 5-HT1B receptor imaging of these regions has important implications for understanding the pathophysiological mechanisms in major depression and related psychiatric diseases.
In conclusion, upregulation of postsynaptic 5-HT1B receptors in the Acb and ventral GP may be critically involved in the antidepressant action of ketamine, and PET imaging studies of 5-HT1B receptor binding may be useful in the diagnosis of major depression as well as in the development of novel antidepressants.
